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Description 

Background of Invention 

s [0001] Today's high speed communication systems require accurate knowledge of the group delay of a device as a 
function of wavelength. Many optical devices have group delays that depend on the input polarization state. Effectively, 
these optical devices have a polarization dependent group delay. Measurements performed with a polarimeter only 
enable the determination of the difference between the group delay of the fast polarization input state and the slow 
polarization input state. This limitation reflects the poiari meter's inability to measure the individual group delay of the 

10 fast polarization input state and of the slow polarization input state. 

[0002] Typical polarimeters are capable of determining the Jones matrix of an optical device. The information con- 
tained in the Jones matrix is sufficient to determine many transmission properties of a two-port optical device, such as 
the differential group delay (DGD), polarization mode dispersion (PMD) and the polarization dependent loss (PDL). 
Unfortunately, the information provided by the Jones matrix is not sufficient to determine chromatic dispersion (CD) 

15 and group delay (GD) of the principal states of polarization. Chromatic dispersion is a variation in the speed of prop- 
agation of the lightwave signal with wavelength and group delay is the difference in transit times at different wavelengths. 
However, a polarization analyzer can only measure the relative group delay, i.e. DGD, between the two principle states 
of polarization. 

[0003] Simova et al. in "Characterization of Chromatic Dispersion and Polarization Sensitivity in Fiber Gratings", in 
20 IEEE Transactions on Instrumentation and Measurement, Vol. 48, No. 5, 939-943, 1 999 disclose a measurement pro- 
cedure in which a polarization analyzer is used in conjunction with a chromatic dispersion analyzer based on rf-mod- 
ulation phase shift technique. In this measurement procedure, the two instruments are used together to determine 
DGD, PMD, PDL, GD and CD. This measurement procedure requires two relatively expensive and complicated instru- 
ments to be used independently of each other for measurements on the device under test (DUT). The OUT must be 
25 measured at separate times by two completely distinct measurement systems which may also introduce errors into 
the measurement process. 

[0004] A precision of 10 femtoseconds has been demonstrated for polarimetric measurements for determining the 
differential group delay (DGD) (see Heffher, IEEE Photonics Technology Letters, vol. 4, no. 9, 1992) while interfero- 
metric measurements for determining the differential group delay (DGD) are typically an order of magnitude less pre- 
30 cise. 

[0005] Hence, a desirable measurement system for optical communication components needs to -be able to quickly, 
easily and accurately measure desired optical parameters such as: DGD, PMD, PDL, GD and CD. 

Summary of Invention 

35 

[0006] In accordance with the invention, combining a typical polarimeter or polarization analyzer, such as the Agilent 
8509B with an interferometer into a combined interferometric and polarimetric system allows the quick and accurate 
determination of the desired optical parameters such as: DGD, PMD, PDL, GD and CDassociated with a device under 
test (DUT) in a comparatively short period of time without repeated disconnecting and reconnecting of the DUT thereby 
*o satisfying the need for a rapid and accurate measurement of desired optical parameters. The DUT may be an inactive 
device such as an optical fiber or an active device such as an optical amplifier. In addition, the combined interferometric 
and polarimetric system in accordance with the invention allows an inexpensive way to extend the measurements that 
can be made using a polarization analyzer or polarimeter alone. Such a combined system is advantageous compared 
to present totally interferometric systems for determining the fast and slow group delays and the chromatic dispersion. 

45 

Brief Description of the Drawings 
[0007] 

50 FIG. 1a shows a simplified block diagram of an embodiment in accordance with the invention. 

FIG. 1b shows a simplified block diagram of an embodiment in accordance with the invention. 

FIG. 2 shows a flow diagram for determining the fast and slow group delay in accordance with the invention. 

FIG. 3 shows a detailed view of a wavelength reference unit in accordance with an embodiment of the invention. 

FIG. 4 shows a simplified block diagram of an embodiment in accordance with the invention. 
55 FIG. 5 shows a simplified block diagram of an embodiment in accordance with the invention. 
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Detailed Description of the Invention 

[0008] The Jones matrix, U of an optical device under test can be readiiy determined using a typical polarization 
analyzer. The Jones matrix, U is only determined to within a complex constant C, where C is a complex constant whose 
5 phase is the phase difference between the input and output light of the .device under test and whose magnitude is 
related to the transmittance of the optical device under test. This complex constant cannot be determined using a 
typical polarimeter alone. The transfer matrix T is written as: . 



I = Ct/==C (1) 

15 The elements of the Jones matrix, u ijt can be determined from polarimeter measurements but C cannot. The transfer 
matrix of a device under test (DUT) describes the relationship between the light input to the DUT and the light output 
from the DUT Mathematically, this relationship may be expressed as 

20 TE*=oe*EZ (2) 

where E* and E ou ) are unit vectors. 

[0009] If corresponds to a principle state of polarization (PSP), it corresponds to either a fast or slow polarization 
axis which means that the polarization of E^ t does not change as the frequency of the input is changed. By definition 
25 then, di ± /dco = 0, where ? ± * represents the fast and slow PSP, respectively. Taking the derivative of both sides in 
equation 0 ^) with respect to ©and taking into account the frequency independence of the PSP yields: 



30 



(3) 



35 where o' - cfo/cfco, T, = dV cfeo and x 1 = dt^/dco . Equation (3) is an eigenvalue equation and shows that the imaginary 
parts of f r 1 ?1 correspond to the fasf and slow group delays that are associated with the principle states of polarization. 
Substituting equation (1 ) into equation (3) and noting that the prime (') denotes differentiation with respect to ©, gives: 



40 



(4) 



45 Rewriting C as C 0 e^ c .gives for the fast and slow group delay values: 



50 



r 2 = — ^ + eigenvalue 
dco 



( Uit 




"{:: 










Uuj 



(5) 



where eigenvalue { } indicates the two eigenvalues of the bracketed argument. A polarimeter cannot determine the 
55 quantity cfc)> c /cfa) but the differential group delay <DGD) may be obtained using only a typical polarimeter measurement 
as is apparent from equations (5) and (6): 
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DGD = T+ g -x g <6) 

Determination of the group delay term requires determination of cfy c cka . , 
5 [001 0J FIG. 1 a shows an embodiment of a system for transmissivity measurements of DUT 1 23 in accordance with 
the invention that allows non-interferometric determination of the Jones matrix using polarimeter 1 70, but also includes 
an interferometric measurement capability to allow determination of the group delay term, x* , to within a constant 
offset. Determining group delay to within a constant offset is sufficient for practical network applications. Device Under 
Test (DUT) 1 23 is the removable optical component whose desired optical parameters such as: DGD, PMD, PDL, GD 
10 andCD are measured using the system shown in FIG. 1a. In accordance with the invention, optical connections may 
typically be optical fiber or other means used for the guiding of light such as bulk optics. 

[001 1 ] The simplified block diagram of an embodiment in accordance with the invention is shown in FIG. 1 a. Tunable 
laser source (TLS) 110, such as the Agilent 81640B, serves as the local oscillator to produce a swept frequency light 
beam and is optically connected to polarization controller (PC.) 115 which allows adjustment of the light polarization. 

is Polarization controller 1 1 5 optically connects to optical splitting device 1 26, typically a fused fiber coupler, which splits 
the light beam from TLS 110 into interferometer arms 131 and 132. Optical splitting device 126 typically optically con- 
nects to Device Under Test (DUT ) 123 using pigtails with connectors for easy insertion and removal during component 
testing and optically connects to optical splitting device 127 which is typically a fused fiber coupler. DUT 1 23 may also 
be optically connected to optical splitting device 1 26 using a combination of optical fiber and bulk optics or bulk optics 

20 alone as will be apparent to one skilled in the art. DUT 123 and optical splitting device 127 lie on two separate inter- 
ferometer arms, 131 and 132, respectively, which are part of DUT interferometer 190. Optical splitting device 127 
optically connects to wavelength reference unit (WRU) 180 and to optical switch 122. Optical switch 122 optically 
connects to optical combining device 128, which is typically a fused fiber coupler. WRU 180 is itself an interferometer 
which functions to accurately monitor the swept frequency light from TLS 1 1 0 and outputs an electrical signal indicative 

25 of the monitored swept frequency light to processor 1 99. 

[0012] DUT 1 23 also optically connects to combining device 1 28, typically a fused fiber coupler, using pigtails with 
connectors for easy insertion and removal during component testing. DUT 123 may also be optically connected to 
optical combining device 1 28 using a combination of optical fiber and bulk optics or bulk optics alone as will be apparent 
to one skilled in the art. Combining device 128 optically connects to four-way splitter 150 of typical polarimeter 170. 

30 Four-way splitter 1 50 splits the light onto photodetectors 171 , 172, 1 73 and 1 74. With optical switch 122 in the closed 
position, photodetectors 1 71 , 1 72, 1 73 and 1 74 detect an interference signal due to the difference in the optical path 
between interferometer arm 1 31 and 1 32. Four-way splitter 1 50 optically connects to linear 0° polarizer 1 60, linear 45° 
polarizer 1 61 , right circular polarizer 1 62 and directly to photodetector 1 74. Linear 0° polarizer 160, linear 45° polarizer 
1 61 and right circular polarizer 1 62 optically connect to photodetectors 1 71 , 1 72 and 1 73, respectively. Photodetectors 

35 171 , 1 72, 1 73 and 1 74 detect and convert an optical signal to an electrical signal for transmission to processor 1 99. 
In accordance with the invention, photodetectors 171 , 172, 173 and 174 typically have a bandwidth of a few hundred 
kilohertz (kHz) or more. Processor 199 is electrically connected to polarimeter 170 and is configured to use the output 
from photodetectors 171 , 172, 1 73 and 1 74 to determine the optical parameters of DUT 1 23. 
[0013] FIG. 1 b shows an embodiment of a system for reflectivity measurements of DUT 1 23 in accordance with the 

40 invention that allows non-interferometric determination of the Jones matrix using polarimeter 1 70, but also includes an 
interferometric measurement capability to allow determination of the group delay term, z ± , to within aconstant offset. 
Determining group delay to within a constant offset is sufficient for practical network applications and group delay to 
within a constant offset is an optical parameter of interest. Device Under Test (DUT) 123 is the removable optical 
component whose desired optical parameters such as: DGD, PMD, PDL,GD and CD are determined using the system 

45 shown in FIG. 1b. In accordance with the invention, optical connections may typically be optical fiber or other means 
used for the guiding of light such as bulk optics. 

[0014] The simplified block diagram of an embodiment in accordance with the invention is shown in FIG. 1b. Tunable 
laser source (TLS) 110, such as the Agilent 81640B, serves as the local oscillator to produce a swept frequency light 
beam and optically connects to optical splitting device 114, typically a fused fiber coupler. Optical splitting device 114 

50 optically connects to polarization controller (PC.) 1 1 5 which allows adjustment of the light polarization and to wavelength 
reference unit (WRU) 180. WRU 180 is itself an interferometer which functions to accurately monitor the swept fre- 
quency light from TLS 1 1 0 and outputs an electrical signal indicative of the monitored swept frequency light to processor 
1 99. Polarization controller 1 1 5 optically connects to optical coupler 1 29, typically a fused fiber coupler. Optical com- 
bining device 1 29 splits the light beam from TLS 1 1 0 into interferometer arms 1 33 and 1 34. Optical combining device 

55 1 29 optically connects to DUT 1 33 and optical switch 1 22 which lie on two separate interferometer arms, 1 31 and 1 32, 
respectively. Optical switch 122 optically connects to mirror 145 that may be movable to adjust optical path length. 
Optical combining device 1 29 also optically connects to four-way splitter 1 50 of polarimeter 1 70. Four-way -splitter 1 50 



4 



EP1369 662 A2 

splits the light onto photodetectors 1 71 , 1 72, 1 73 and 1 74. With optical switch 1 22 in the dosed position, photodetectors 
1 71 , 1 72, 1 73 and 1 74 detect an interference signal due to the difference in the optical path between interferometer 
arm 133 and 134. Four-way splitter 150 optically connects to linear 0° polarizer 160, linear 45° polarizer 161, right 
circular polarizer 162 and directly to photodetector 174. Linear 0° polarizer 160, linear 45° polarizer 161 and right 

5 circular polarizer 162 optically connect to photodetectors 171, 172 and 173, respectively. Photodetectors 171, 172, 
1 73 and 1 74 detect and convert an optical signal to an electrical signal for transmission to processor 1 99. In accordance 
with the invention, photodetectors 171, 1 72, 173 and 1 74 typically have a bandwidth of a few hundred kilohertz (kHz) 
or more. Processor 1 99 is electrically connected to polarimeter 1 70 and is configured to use the output from photode- 
tectors 1 71 , 1 72, 1 73 and 1 74 to determine the optical parameters of DUT 1 23. 

10 [0015] Typical polarimeter 1 70 can be used to determine reflectivity, transmissivity, PMD, PDL and OGD as is well 
known to those skilled in the art, see for example, "Fiber Optics, Test and Measurement", D. Derickson, Prentice-Hall 
1998, which is incorporated by reference. Switch 122 is left in the open position when performing polarimetric meas- 
urements such as measuring the polarization of the light after it has passed through DUT 123. However, to determine 
group delay to within a constant offset requires an interference measurement where switch 122 is closed to complete 

15 a second optical connection to combining device 1 28 (see FIG.1 a) or to mirror 1 45 (see FIG. 1 b). The frequency swept 
light beam generated by TLS 1 1 0 is split into two light beams by optical splitting device 1 26 which enter interferometer 
arm 131 and interferometer arm 1 32, respectively, of DUT interferometer 1 90 in FIG. 1 a or is split into two light beams 
by optical coupler 129 which enter interferometer arm 133 and interferometer arm 134, respectively, of DUT interfer- 
ometer 1 91 in FIG. 1 b On interferometer arm 1 31 , the light beam passes through DUT 1 23 to optical combining device 

20 1 28 and on interferometer arm 1 32 the light beam passes through optical switch 1 22 to optical combining device 128 
which outputs both light beams to polarimeter 1 70 (see FIG. 1 a). On interferometer arm 1 33, part of the light beam is 
reflected from DUT 1 23 to optical combining device 1 28 and on interferometer arm 1 32 the light beam passes through 
optical switch 122 to mirror 145 which reflects the light beam back to optical combining device which outputs both 
beams to polarimeter 1 70 {see FIG. 1 b) Polarimeter 1 70 then separates the light into components according to polar- 

25 ization, typically into three polarized components having 0°, 45° and right circular polarization, respectively, and an 
unpolarized component. Regardless of the polarization of tunable laser source 110, there is typically sufficient inter- 
ference signal on at least one of photodetectors 171, 172, and 173 to measure the phase, <t> 0 , between the two light 
beams as a function of wavelength. To maximize measurement accuracy, the largest interference signal is typically 
analyzed by processor 1 99 for the phase difference between the two light beams. As will be apparent to one skilled in 

30 the art, the embodiments in accordance with the invention shown in FIGs. 1 a and 1 b can readily be combined into one 
embodiment in accordance with the invention by adding, for example, one additional optical switch in DUT interferom- 
eter arm 131 in FIG. 1a. 

[0016] In an embodiment in accordance with the invention, an example is described where x -polarized light is used. 
This is typically realizable by appropriately adjusting polarization controller 1 1 5 to control the polarization of the swept 

35 frequency light beam from TLS 110. For simplicity, it is also assumed that the highest intensity interference signal is 
measured on photodetector 171 of polarimeter 170. However, photodetectors 172 or 173 and any known input polar- 
ization may be used in accordance with the invention, as will be readily apparent to those skilled in the art. If meas- 
urements of the highest intensity interference signal are made on photodetector 172 or 173 instead of photodetector 
171 , the details of the analysis present here are modified to account for the difference in the polarization of the light 

40 incident on photodetectors 172 or 173. In general, the results will involve a combination of the elements u 1p u 12 ,u 21 , 
u 22 oi the Jones matrix. The elements of the Jones matrix for DUT 1 23 may be determined from the three output Jones 
vectors or output polarizations in response to three known input polarizations, as described in, for example, "Fiber 
Optics, Test and Measurement", D. Derickson, Prentice-Hall 1998, which is incorporated by reference. 
[0017] Typically, the three known input polarizations are: linear 0°, linear 90° and linear 45°. The three input polari- 

45 zations of the light beam are typically selected using polarization controller 115 to control the polarization of the light 
beam from TLS 110. Note that the light beam from TLS 110 for this measurement may be swept frequency or, more 
typically, stepped frequency. The respective output polarizations of the light beam corresponding to inputs of linear 0°, 
linear 90° and linear 45° are then determined using polarimeter 1 70. Note that optical switch 1 22 is in the open position 
for this measurement to prevent light from traveling through interferometer arm 132. For example, if the output Jones 

so vector corresponding to: linear 0° input is taken to be (Xj.Yj), linear 90° input is taken to be (X 2 Y 2 ) and linear 45° 
input is taken to be (X 3 Y 3 ) then the following ratios may be defined which determine the elements of the Jones matrix: 
k 1 = X^/Yp k 2 = Xj Y 2 ; k 3 = X 3 /Y 3 ; and k 4 = (k 3 - k 2 )/(k 1 - k 3 ) . Note that k, , k 2> and k 3 may be expressed in terms of 
the corresponding Stokes parameters s 0 , s p s 3 for the respective measured output polarizations. Hence, for j = 1 , 
2,3: 

55 
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(7) 



where j indicates the jth group of Stokes parameters corresponding to kj 
The elements of the Jones matrix are: 

Ul1=*1*4 < 6a ) 

"l2 = k 2 < 8b ) 

u 21 = k A (8c) 

u 22 = 1 (6d) 

In addition, the magnitude,C 0 , of the complex constant, C; is determined by measuring transmittance, T R ,of DUT 1 23 . 
Transmittance, T R , may be determined by taking the ratio of the intensity measured at photoreceiver 174 with DUT 
123 in place to the intensity measured at photoreceiver 174 with DUT 123 replaced in interferometer arm 131 by an 
effectively zero loss patch cord (not shown). Hence, 



[0018] Note that the electric field, E out , of the light that passes through DUT 123 and through polarizer 160 can be 
determined by using equation <1 0) when x -polarized input light is used: 



Mi #C 3G) (io) 



The electric field, E^, of the light beam traveling through interferometer arm 131 interferes with the electric field, 
E r/S e***tfs , of the light beam passing through interferometer arm 132. Here, z tfs is the time it takes for the light beam to 
propagate from tunable laser source 110 through interferometer arm 132 to where the interference occurs on photo- 
detector 1 71 , phototdetector 1 72, photodetector 1 73 or photodetector 1 74. The field incident on photodetector 1 71 due 
to the two light beams is given by the sum E xout +£^6***. The intensity measured by photodetector 171 is given as: 



I = C 2 0 \u»\ 2 +\E tU \ 2 +2C 0 H|£ < ,|cos(^ c + -or*) (11) 

where w„ is represented as H* 1 * 1 and C as Cq^^ . The phase ty D which is the argument ofthe cosine in equation (1 1 ), 
may be determined using standard phase detection algorithms. Hence: 

55 ♦ D =Mir WT te < 12 ) 

This measurement does not actually determine <t> c since x, /s is not typically a known quantity. This uncertainty in i tls 
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leads to a constant offset in the group delay. 

However, ^ can be determined from, for example, polarimeter 1 70 measurements of the Stokes parameters, % Sj , 
$2, S3 which are measured by polarimeter 170. In terms of the measured Stokes parameters: 



>4>n S 2 +/S 3 
2a 1 a 2 



(13) 



10 



where a 1 



1 



IS 0 + s 2 



15 



S 0 " S 3 



; and a 1 , a? are the amplitudes of the x and y polarized components of the light, respectively. 
20 [0019J Using equation (12) gives: 



04) 



25 showing that the measured quantity $ D *$n has a P h 3se offset that is linear as a function of frequency, o> and the 
measured quantity can be used to determine group delays to within a constant offset. Hence, the transfer matrix, T, 
can be written as; 



30 



Jun Un\ 
\Ui\ Uu J 



(15) 



35 



With reference to equation (5), the desired fast and slow group delays may now be determined to within aconstant offset: 



40 



do) 



ue \\ 

\Uix UuJ ^Uii Uu) 



(16) 



45 



where the prime (') denotes differentiation with respect to 0) . Rewriting equation (16) in terms of ty c and ©x fte clearly 
shows the constant offset term, x tls for the fast and slow group delay: 



50 



Tg = -~ - r iU + eigenvalue* 




(17) 



55 



[0020] Hence, in accordance with an embodiment of the invention, a hybrid system involving typical polarimeter 1 70 
to determine the Jones matrix and DUT interferometer 190 to make an interferometric measurement using a single 
polarization state can resolve the fast and slow group delays of DUT 123 to within a constant offset term, -causing 
processor 1 99. In addition, the fast and slow chromatic dispersion (CD) corresponding to the derivative with respect 
to the wavelength, of the fast and slow group delays above, respectively, can be obtained for DUT 123 along with the 
optical parameters typically determined by polarimeter 170. 
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[0021] FIG. 2 shows the typical processing that occurs in processor 1 99 of FIG. 1 a, or processor 499 of FIGs. 4 and 
5, for determining the fast and slow group delay in accordance with the invention. Via an electrical signal from WRU 
180, processor 199 or 499 tracks the frequency of the light beam from TLS 110 as the light beam is frequency swept. 
In step 210, the interference signals from photodetectors 1 71 , 1 72 and 1 73 over a swept frequency range are received 
5 as input to processor 1 99 or 499 and, for example, the strongest interference signal is typically selected for analysis. 
Methods for determination of the phase, <j> D , are well known, see, for example, "Instantaneous envelope and phase 
extraction from real signals: theory, implementation, and an application to EEG analysis", by P. Y. Ktonas and N. Papp, 
Signal Processing, Volume 2, Issue 4, 1980, Pages 373-385. 

[0022] In the next three steps, the analytic signal of the interference signal selected in step 210 is calculated. In step 
10 220, the selected interference signal (a time series) is numerically Fourier transformed from the time domain into the 
frequency domain, typically using a Fast Fourier Transform (FFT) procedure. In step 225, all the negative frequencies 
of the interference signal in the frequency domain are set to zero. In step 230, a numerical inverse FFT is performed 
on the result of step 225 to obtain the analytic signal of the selected interference signal in the time domain. 
[0023] In step 235, the phase, <|> D , of the analytic signal determined in step 230 is numerically determined as a function 
is of time by taking the arctangent of the imaginary part of the analytic signal divided by the real part of the analytic signal 
at each data point. Once the phase, ty D , of the analytic signal has been determined in step 235, step 240 involves the 
numerical unwrapping of the phase, ty D> if needed , using, for example, the MATLAB "unwrap" numerical function or a 
similar such function or procedure. The "unwrap" procedure is performed because the arctangent function varies only 
over a specific range, -71 to n . The unwrap procedure adds multiples of 2k whenever the change in consecutive phase 
20 terms is more than jc. The phase is time corrected to produce the correct frequency association using the data from 
WRU 180 whichserves to provide precise knowledge of the frequency tuning of TLS 110 as a function of time. 
[0024] Step 245 involves calculating $ c to within a frequency dependent offset, from the phase, <j> 0 , and the measured 
polarimeter data from polarimeter 170. Step 245 corresponds to equation (14) if x-polarized light is used. Depending 
on which one of photodetectors 1 71 , 1 72 , 1 73 is selected, the details of the calculation for <|> c will vary as noted above. 
25 Once <t>c has been calculated to within a frequency dependent offset, step 250 determines x ± , the fast and slow group 
delay to withijp a constant offset. Step 250 corresponds to numerically evaluating equation (16) above in processor 
1 99 or 499 if x - polarized light is used. Chromatic dispersion of the principal states of polarization may be determined 
by taking the derivative with respect to wavelength of the fast and slow group delay terms. From these results, a 
polarization independent group delay (GD) (to within a constant offset) and chromatic dispersion (CD) can be deter- 
so mined by averaging. 

[0025] Determination of group delays in embodiments in accordance with the invention as shown in FIGs. 1 , 4 and 
5 may be impaired by a number of noise sources. In particular, vibrations and acoustic noise can typically cause the 
length of interferometer arms 1 31 and 1 32 to fluctuate. The resulting fluctuation in optical path length leads to variations 
in the measured data for group delay. Corrections may be provided by monitoring light patterns and providing correc- 
ts tions on the basis of the Jight patterns monitored. See for example, "Vibration Noise Mitigation in an Interferometric 
System", U.S. patent application no. 1 0/099,480 which is incorporated by reference (Attorney Docket No. 1001 0749-1 . 
[0026] Another typical source of noise in interferometric measurements is phase noise from tunable laser source 
(TLS) 110. Due to quantum effects, tunable laser source 110 has a finite linewidth. Hence, the light produced at any 
one time may not be coherent with the light produced at a later time when the time interval is greater than the coherence 
40 time of TLS 1 1 0 and this leads to phase fluctuations in the output Ight. Phase fluctuations in the output light lead directly 
to errors in the measurement of group delay x g . See, for example, "Phase Noise Compensation in an Interferometric 
System", U.S. Patent Ser. No. 10/006,490 (Attorney Docket Reference No. 10010750-1) which is incorporated by 
reference. 

[0027] Since both noise sources discussed above, fluctuation of interferometer arm length and phase fluctuations, 
45 are random processes, it can be shown that the effect of noise on the measurements can be reduced by averaging. 
Repeated measurements of group delay t g , are typically averaged by processor 199 of FIG. 1a or processor 499 of 
FIGs. 4 and 5. Hence, noise is reduced by the square root of N where N is the number of measurements performed. 
[0028] FIG. 3 shows a detail of typical WRU 180 which is used for tracking the swept frequency of TLS 110 as TLS 
110 is swept over a frequency range. WRU 180 typically transmits an electrical signal responsive to the measured 
so frequency to processor 1 99 or 499. WRU 1 80 has two Faraday mirrors 1 83 and 1 84 with two interferometer arms 1 92 
and 193 with photodetector 185. A light beam enters WRU 180 on optical connection 191 and is split by fiber coupler 
1 95 into two light beams in optical connections 1 92 and 1 93, respectively. The two light beams interfere at photodetector 
185 after reflection from Faraday mirrors 183 and 184. The optical interference signal is measured by photodetector 
185 and is output as an electrical signal to processor 199 in FIG. 1a or to processor 499 in FIGs. 4 and 5. 
55 [0029] With reference to FIG. 1a, TLS 110 typically sends light into two interferometers, WRU 180 and PUT inter- 
ferometer 1 90 having arms 1 31 and 1 32. DUT interferometer 1 90 measures group delay data for DUT 1 23. To accurately 
determine group delay x g to within a constant offset, the frequency tuning of TLS 1 1 0 as a function of time is typically 
required. WRU 180 serves to provide precise knowledge of the frequency tuning as a function of time. In general, the 
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optical path lengths associated with DUT interferometer 190 and WRU 180 are not the same. For example, the arms 
1 31 and 1 32 of DUT interferometer 1 90 may be longer than the arms 1 92 and 1 93 for WRU 1 80. In this situation, an 
error is introduced in determining group delay x g associated with DUT 123 because the group delay determination 
relies on the frequency tuning rates of TLS 110 as measured by WRU 180. 

[0030] Optical path length mismatches are particularly detrimental when TLS 1 1 0does not tune its frequency linearly. 
Current tunable laser technologies typically do not permit completely linear tuning of a laser's frequency sweep, For 
portions of TLS 110 tuning range, the frequency may change rapidly while for other portions of the tuning range the 
frequency may change slowly. Nonlinear frequency tuning causes significant errors when DUT interferometer 1 90 and 
WRU 180 have differing optical path length. In an embodiment in accordance with the invention, optical path length 
mismatches may be corrected by applying an experimentally determined time-delay typically either in the hardware or 
the software of processor 1 99 (see FIG. 1a) or 499 (see FIGs. 4 and 5) to correct for optical path length mismatches. 
[0031] As discussed above, optical path length mismatches may typically be corrected by applying a calculated time 
delay. The appropriate time delay to use is shown by the following analysis. , 

[0032] The radial optical frequency generated by TLS 110 or other typical tunable laser source is typically given by: 

ffl(t) = 2jc[v 0 + Yf +X<0] (18) 

where v 0 is the optical frequency at the beginning of the sweep, y is the linear sweep rate, t is time and x(t) represents 
the nonlinear component of the sweep rate. Hence, the intensity, l p h 0 todetectorj» incident on photodetector 171, 172, 
1 73 or 1 74 is proportional to 

1 photodetector }( t+x m) ** P LO + P DUT + Wlo^W COS(* D/ U + T m )) (19) 

where I is the intensity of the signal, P LO is the power received from interferometer arm 1 32 (FIG. 1 a) or 1 34 (FIG. 1 b), 
P DUT is the power received from interferometer arm 131 (FIG. 1a) or 133 (FIG. 1b), and ty D jis the phase of the inter- 
ference, where all quantities are evaluated at photodetector j, for j =1 71 , 1 72, 1 73 or 1 74. The quantity x m represents 
the time for light to travel from TLS 1 1 0 to any one of photodetectors 1 71 , 1 72, 1 73 or 1 74 in DUT interferometer 1 90 
(FIG. 1a) or 191 (FIG. 1b) via interferometer arm 132 or interferometer arm 134, respectively. The phase of the beat 
signal in DUT interferometer 190 or 191 is typically given by: 

* D (t+T m ) = 2*[v 0 + Yf- y%v + X(t-h /2)X! =0)(M,/2)t 1 =co 7 x, (20) 

where it is assumed that the nonlinear component of the sweep, x(t), varies slowly on time scales on the order of x^ 
Note that this assumption is valid because x^ is typically on the order of 10- 8 s and is the time delay associated with 
the optical path length difference between interferometer arms 131 and 132 of DUT interferometer 190 (FIG. 1a) or 
the optical path length difference between interferometer arms 133 and 134 of DUT interferometer 191, The frequency 
co l5 is the frequency co from equation (18) evaluated at the time (f-x 1 12). The phase of the beat signal as measured in 
WRU 180 is similarly found to be given by: 

c|) R (Ux m + x d ) = 27i[v 0 + (7 + xM^x 2 /2)]x 2 = a)(r-x 2 /2)x 2 <21) 

[0033] The time delay, x d , accounts for the delay incurred by the extra optical path length external to the interferom- 
eter. For interferometer 190 in FIG. 1a, for example, the optical path length from optical splitting device 127 to WRU 
180 and the optical path length from optical combining device 128 to polarimeter 170 introduce an extra path length 
external to the interferometer. The time delay, x 2 , is the time delay associated with the difference between optical path 
lengths 1 92 and 1 93 of WRU 1 80. 

Experimentally, the phase of WRU 1 80 is measured at the same time as the phase of DUT interferometer 1 90 or 1 91 . 
Hence, equation (21 ) can be recast as: 

$R < ' + T m ) = »( ' ' T 2 / 2 - X d ) X 2 = °>2 X 2 < 22 ) 

Note that co 2 is the radian optical frequency emitted at the time (t - x 2 12 - x d ) by TLS 1 1 0. Using DUT interferometer 
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1 90 and WRU 1 80, the group delay of OUT 1 23 over the range of frequencies swept by TLS 1 1 0 can be accurately 
obtained from the evolution of § R and ty D . The group delay is given by: 



<23) 



Because 0 D is experimentally measured as a function of time and not frequency, equation t23) is not directly evaluated 
using the measured data. The evolution of cannot be extracted from the evolution of the phase § D since x lf is a 
10 function of frequency. However, the evolution of 0&2 can be obtained from WRU 180 and is given by ty R fx 2 because t 2 
is a constant. It is important to be aware that: 



15 



(24) 



as can be seen by rewriting 0^ D in terms of co 2 which gives: 



20 



(25) 



25 



and differentiating with respect to gives: 



30 



35 



v dt > 



k d <°i) 



(26) 



which is clearly not the group delay which is given by: 

(27) 

The last two extra terms in equation (26) are error terms. Under typical conditions, the second error term is negligible 
in comparison to the first errorterm. The error terms may be eliminated by applying the transformation t -> (t 2 - x 1 )+ 
Eq.(22) which changes G&2 -> ^ , which is the frequency co of TLS 1 10 at the time (t and hence thelrequency 
45 data from WRU 1 80 can now be used to provide the correct group delay by processor 1 99 (see FIG. 1 a) or processor 
499 (see FIGs. 4 and 5). 

[0034] In practice, the process of determining the correct time delay may be achieved for an embodiment in accord- 
ance with the invention by, for example, introducing a typical two meter single-mode optical fiber patch cord (not shown) 
in place of the device under test. Hence, a two meter single-mode optical fiber patch cord (not shown) would replace 

so DUT 1 23 in FIGs. 1a and 1 b or DUT 423 in FIGs. 4 and 5. TLS 110 is then typically tuned over a desired frequency 
range and the group delay data is monitored for a range of applied time delays to the data. The order of magnitude 
within which the range lies may be estimated from the optical path length of the two meter single-mode optical fiber 
divided by the speed of light in a vacuum. The predicted group delay for a two meter single-mode optical fiber patch 
cord is known to be a constant as a function of frequency if the correct time delay, as derived above, is experimentally 

55 selected. Typically, the time delay experimentally input into processor 199 ^see FIG.1 ) or 499 (see FIGs. 4 and 5) is 
varied until the group delay becomes a constant for the optical fiber patch cord. Once the time delay is determined for 
two meter patch cord, the time delay that needs to be applied for arbitrary DUT 123 (see FIGs. 1a and 1b or DUT 423 
(see FIGs. 4 and 5) is typically determined by examining the interference frequency. For example, if DUT 123 is a ten 
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meter optical fiber, the time; delay that needs to be applied would be increased by half of the added optical path length 
divided by the speed of light in a vacuum. Note, that the factor of one half enters from the transformation applied to 
equation (22). These corrections are typically predetermined and incorporated into processor 199 or 499 so as to be 
transparent to the user. 

5 [0035] It may be of interest to measure the optical parameters: DGD, PMD, PDL, GO and CD of an active device 
under test (DUT). Typically, an active DUT is an optical fiber amplifier or' a semiconductor optical amplifier. Details 
regarding test and measurement of optical amplifiers may be found in, for example, "Fiber Optics, Test and Measure- 
ment", D. Derickson, Prentice-Hall 1998, which is incorporated by reference. An embodiment in accordance with the 
invention as shown in FK3. 4 allows non-interferometric measurement of the Jones matrix but also allows an interfer- 

10 ometric measurement capability to determine the slow and fast group delay to within a constant offset for active DUT 
423. Note that the embodiment in accordance with the invention in FIG. 4 has similarities with the embodiment in 
accordance with the invention in FIG.1 but has balanced photoreceivers 471 , 472, 473 and 474 in pplarimeter 470 and 
introduces saturation tones into active DUT 423 from saturation tones generator 405. 

[0036] FIG.4 is a simplified block diagram of an embodiment in accordance with the invention that allows character- 
's ization of an active device such as an optical amplifier. With reference to FIG. 4, tunable laser source (TLS) 110 serves 
as a local oscillator to produce a swept frequency light beam and is optically connected to polarization controller {P. 
C.) 1 1 5. Saturation tone generator 405 is optically connected to polarization scrambler (PS.) 406. Polarization scram- 
bler 406 optically connects to optical combining device 429. Combining device 429 is typically a fused fiber coupler, 
and is part of interferometer arm 431 of DUT interferometer 490. Polarization controller 1 1 5 connects to optical splitting 
20 device 426 which splits the light beam from TLS 1 1 0 into interferometer arms 431 and 432. Optical splitting device 426 
is typically a fused fiber coupler. Optical splitting device, 426 connects to optical combining device 429 and optical 
splitting device 427 which are part of interferometer arms 431 and 432, respectively, of OUT interferometer 490. 
[0037] Optical combining device 429 optically connects to active DUT 423 which is optically connected to bandpass 
filter (BPF) 475. Optical connections to DUT 423 are typically made using pigtails with connectors for easy insertion 
25 and removal during component testing. DUT 423 may also be optically connected to optical combining device 429 and 
BPF 475 using a combination of optical fiber and bulk optics or bulk optics alone as will be apparent to one skilled in 
the art. Optical splitting device 427 optically connects to optical switch device 422 and optically connects to WRU 180. 
WRU 1 80 serves to accurately monitor the frequency of the light from TLS 1 1 0 and outputs an electrical signal indicative 
of the swept frequency light of TLS 1 1 0 to processor 499. Optical combining device 428 connects to optical switch 422 
30 in interferometer arm 432. BPF 475 also optically connects to optical combining device 428 which is typically a fused 
fiber coupler . Optical combining device 428 connects to four-way splitter 450 of polarimeter 470 which splits the light 
onto four balanced photoreceivers 471 , 472, 473 and 474. Balanced photoreceivers 471 , 472, 473 and 474 detect an 
interference signal due to the optical path difference between interferometer arms 431 and 432. Each of balanced 
photoreceivers 471 , 472, 473 and 474 includes photodetectors 486 and 487. Four-way splitter 450 optically connects 
35 to linearO 0 polarizer 460, linear 45° polarizer 461, right circular polarizer 462 and also directly to balanced photoreceiver 
474. Linear 0° polarizer 460, linear 45° polarizer 461 and right circular polarizer 462 are optically connected to balanced 
photoreceivers 471 , 472 and 473, respectively. Pplarimeter 470 is electrically connected to processor 499 and is con- 
figured in accordance with the invention to use the output from balanced photoreceivers 471 , 472, 473 and 474 to 
determine optical parameters of DUT 1 23. 
40 [0038] The properties of an active device are typically a function of several variables. These variables typically include 
total power input into active device, the frequency of the light input into the device and the particular combination of 
frequencies input into the active device. It is therefore important to account for these variables when characterizing 
active device under test (active DUT) 423 which is typically an optical amplifier such as an erbium-doped fiber amplifier, 
for example. Saturation tones generator 405 (see FIGs. 4 and 5) allows variation of the total power and the particular 
45 frequencies that are input into active DUT 423. The optical stimulation of OUT 423 by saturation tones allows optical 
parameters of active DUT 423 to be measured under the desired network operating conditions. For example, it may 
be desirable to characterize the operation of particular type of active DUT 423 in a specific wavelength-division multi- 
plexing (WDM) network. Saturation tones generator 405 can be used to simulate the operating conditions that active 
DUT 423 would experience in a WDM network and hence characterize the performance of active DUT 423 in such a 
50 network. Saturation tone generator 405 typically has an array of lasers at the different frequencies desired for the 
particular WDM network where active DUT 423 is to be used. Polarization scrambler 406 functions to vary ttie input 
polarization of the saturation tones from saturation tones generator 405 and typically serves to prevent undesirable 
effects such as polarization hole burning in active DUT 423. Polarization hole burning limits the gain achievable from 
typical optical amplifiers. 

55 [0039] The number and respective frequency of the lasers used in saturation tones generator 405 is typically deter- 
mined from the network environment active DUT 423 is to operate in and saturation tones generator 405 optically 
stimulates active DUT 423. To perform an interferometric measurement involving active DUT 423 in a selected fre- 
quency range in accordance with the embodiment shown in FIG. 4, the laser or lasers in the frequency range to be 
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swept by TLS 1 1 0 are typically switched off. TLS 11 0 is then operated to generate a swept frequency light in the desired 
frequency range. For non-interferometric measurements of active DUT 423, all the lasers of saturation tones generator 
405 are typically left on. Note that BPF 475 in FIG. 4 is typically operated to filter out the saturation tones generated 
by saturation tone generator 405 and prevent the saturation tones from reaching polarimeter 470. Hence, BPF 475 

5 functions to prevent the saturation tones from corrupting the measurement procedure using the swept frequency from 
TLS 110. Effective use of BPF 475 in FIG. 4 presumes that the swept frequency light generated by TLS 110 during a 
measurement has frequencies distinct from any of the saturation tones being generated by saturation tones generator 
405 and that these frequencies pass through BPF 475. Because BPF 475 is used to prevent the saturation tones 
introduced by saturation tones generator 405 from reaching balanced photoreceivers 471 , 472, 473 and 474, theop- 

10 eration of the embodiment in accordance with the invention in FIG. 4 and the detailed measurement analysis for active 
DUT 423 follow the discussion given above for FIG. 1a and DUT 123. 

[0040] Typically, use of balanced photoreceivers 471 , 472, 473 and 474 in FIGs. 4 and 5 in place of single photode- 
tectors 1 71 , 1 72, 1 73 and 1 74 as shown in FIGs. 1 a and 1 b is important because of the noise sources related to the 
use of saturation tones generator 405 shown in FIG. 4. For example, bandpass filter 475 typically cannot remove all 

15 light related to the saturation tones from saturation tones generator 405. The remaining small amount of saturation 
tones, is typically sufficient to create noise on both photodetectors 486 and 487 of balanced photoreceivers 471 , 472, 
473 and 474. Fortunately, the noise is in-phase on both photodetectors 486 and 487 because it is due to intensity 
fluctuations in the detected optical signals from TLS 11 0 and not due to the detected optical interference signals. The 
detected optical interference signals, on the other hand, are 1 80° out of phas6 on photodetectors 486 and 487. Hence, 

20 a differencing of the signals on photodetectors 486 and 487 allows photoreceivers 471 , 72, 473 and 474 to subtract 
in-phase noise while doubling the detected optical interference signal. For a more detailed explanation of balanced 
photoreceivers, see, for example, "Coherent Optical Spectrum Analyzer" by Baney et at. in IEEE Photonics Technology 
Letters, 2002, 14, 3, 355 incorporated by reference. 

[0041] It is sometimes desirable to perform measurements on active DUT 423 where the effect of saturation tones 
25 from saturation tones generator 405 in the frequency range to be swept by TLS 1 1 0 is taken into account. An appropriate 
embodiment in accordance with the invention is shown in FIG. 5. The embodiment shown in FIG. 5 differs from the 
. embodiment shown in FIG. 4. In FIG. 5, interferometer arm 531 of interferometer 590 omits bandpass filter 475 but is 
otherwise similar to interferometer arm 431 . 

Interferometer arm 532 is similar to interferometer arm 432. However, optical switch 507 is interposed between polar- 
30 ization scrambler 406 and optical combiner 429 to selectively block the saturation tones from saturation tones generator 
405 from reaching DUT 423. Measurements on active DUT 423 using TLS 110 are performed at a time when the 
saturation tones are unable to reach active DUT 423 by the gating action of optical switch 507. Hence, processor 499 
only processes data from the time when optical switch 507 is in the open position. Typically, this is accomplished by 
controlling the gating action of optical switch from processor 499. The embodiment in accordance with the invention 
35 shown in FIG. 5 typically requires the measurement of active DUT 423 before the gain recovery of DUT 423 occurs. 
In this embodiment, the gating frequency at which optical switch 507 is operated by processor 499 is also limited by 
the sweep rate of TLS 1 1 0 . Jn an alternative embodiment in accordance with the invention, optical switch 507 is typically 
capable of operating at a frequency of several megahertz so that the measurements performed by photoreceivers 471 , 
472, 473 and 474 are synchronized with optical switch 507 (e.g. see Tiber Optics, Test and Measurement", D. De- 
40 rickson, Prentice-Hall 1998, which is incorporated by reference). Hence, optical switch 507 is always in the open position 
and saturation tones are not reaching active DUT 423 when measurement data is sampled. Other ways of mitigating 
the effects of the saturation tones during the measurement of the optical parameters of active DUT 423 using embod- 
iments in accordance with the invention will be apparent to those skilled in the art from the discussion herein. 
[0042] While the invention has been described in conjunction with specific embodiments, it is evident to those skilled 
in the art that many alternatives, modifications, and variations will be apparent in light of the foregoing description. 
Accordingly, the invention is intended to embrace all other such alternatives, modifications, and variations that fall 
within the spirit and scope of the appended claims. 



so Claims 

1. A combined interferometric and polarimetric system for performing measurement on a device under test (123) 
comprising: 

55 a first interferometer arm (1 32,1 34) having a first end and a second end; 

a second interferometer arm (131 ,1 33) having a first end and a second end; 

a tunable laser source (110) for generating a light beam, said tunable laser source (110) being optically coupled 
to said first end of said first interferometer arm (132,134) and to said first end of said second interferometer 
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arm (131,133); and . 

a polarimeter (1 70) opticallycoupled to said second end of said second interferometer arm (1 31 ,1 33) to receive 
a second portion of said light beam and selectively optically coupled to said second end of said first interfer- 
ometer arm (132,134) to selectively receive a first portion of said light beam, said polarimeter (170) being 
configured to generate an electrical signal responsive to an intensity signal resulting from the detection of said 
first portion and said second portion of said light beam when said device under test (1 23) is inserted between 
said first end and said second end of said second interferometer arm (131,1 33). 

2. A combined interferometric and polarimetric system for performing measurements on a device under test (123) 
comprising: 

a tunable laser source (110) for generating a light beam; 

a first optical path optically coupled to said tunable laser source (110); 

a second optical path optically coupled to said tunabte laser source (110); and 

a polarimeter (1 70) optically coupled to said second optical path to receive a second portion of said light beam 
and selectively optically coupled to said first optical path to selectively receive a first portion of said light beam, 
said polarimeter (170) being configured to generate an electrical signal responsive to an intensity signal re- 
sulting from the detection of said first portion and said second portion of said light beam when said device 
under test (1 23) is optically coupled to said second optical path. 

3. The system of claim 1 or 2, further comprising a polarization controller (1 1 5) to allow adjustment of the polarization 
of said light beam from said tunable laser source (110). 

4. The system of one of claims 1 to 3 further comprising a processor (199) electrically coupled to said polarimeter 
(1 70), said processor (1 99) configured to receive said electrical signal from said polarimeter (1 70) and to determine 
an optical parameter of said device under test (123) based on said electrical signal. 

5. The system of claim 4, wherein said optical parameter is the chromatic dispersion of the principle states of polar- 
ization. 

6. The system of claim 1 or 2 further comprising a wavelength reference unit (180) optically coupled to said tunable 
laser source (110) to enable monitoring of the frequency of said light beam from said tunable laser source (110). 

7. The system of claim 6, wherein said processor (1 99) is electrically coupled to said wavelength reference unit (1 60) 
to enable said processor (199) to numerically correct for optical path length mismatches. 

8. The system of claim 1 or 2, wherein said first portion of said light beam selectively received by said polarimeter 
(1 70) is not selected to be received. 

9. The system of claim 8, wherein said polarimeter (1 70) generates an electrical signal responsive to the polarization 
of said second portion of said light beam. 

10. The system of claim 1 or 2, wherein said polarimeter comprises four photodetectors (171,172,173,174). 

11. The system of claim 1 or 2, wherein said polarimeter comprises a linear 0° polarizer (160), a linear 45° polarizer 
(161) and a right circular polarizer (162). 

12. The system of one of claims 1 to 10, wherein said device under test (1 23) is an active device under test. 
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